Predictive coding is an influential model emphasizing interactions between feedforward and 1 2 feedback signals. Here, we investigated its temporal dynamics. Two gray disks with different 1 3 versions of the same stimulus, one enabling predictive feedback (a 3D-shape) and one 1 4
Introduction 2 5
The outside world provides us only the light, but our visual system is capable of extracting 2 6 the basic features in low-level areas and understanding them as meaningful concepts in high-1 0 8 appeared for 150ms. After that, a question mark appeared in the center of the screen. There were two kinds of randomly mixed experimental trials: the main experimental trials and the 1 1 0 catch trials. In main experimental trials, the luminance of the disks was adjusted (i.e. the 1 1 1 random-line disks were set 1.45% brighter than the 3D-shape disks) based on a previous 1 1 2 study (Han and VanRullen, 2016, 2014) to obtain an average 50% selection rate of 3D-1 1 3 shape/random-lines disks. In catch trials, one of the disks had its luminance value changed up together with 4 blocks of another experiment that was eventually canceled and whose data 1 1 9
were not analyzed). Subjects were instructed to fixate the fixation point all the time, judge the 1 2 0 luminance of the disks and respond using the arrow keys (left arrow to indicate that left disk 1 2 1 is brighter, right arrow for right disk brighter) on a standard 105 key keyboard when the 1 2 2 question mark appeared. There was no feedback after the response. EEG was recorded at 1024 Hz using a Biosemi system (64 active electrodes). Horizontal and 1 2 7 vertical electro-oculograms (EOG) were recorded by three additional electrodes around the 1 2 8 subjects' eyes. For data pre-processing, the EEG and EOG data were downsampled offline to 1 2 9 256 Hz, re-referenced to average reference and epoched around the stimulus onset in each 1 3 0 trial for data analysis via the MATLAB (MathWorks) and EEGLAB toolbox (Delorme and 1 3 1 Makeig, 2004). Individual electrode data were visually inspected, and channel data 1 3 2 containing artifacts were interpolated by the mean of adjacent electrodes (three subjects had 1 3 3 one electrode containing artifacts, one subject had two; the positions of the interpolated 1 3 4 electrodes were different across subjects). As the post-stimulus spatial choice was lateralized on each trial to the left or right side, the 1 3 6 pre-stimulus oscillatory correlates of the post-stimulus luminance judgment may not only 1 3 7 reflect the oscillation's influence on shape perception and predictive coding, but also its 1 3 8 influence on spatial choice (i.e., pre-stimulus oscillations may bias the left/right spatial choice 1 3 9
independently of the 3D-shape/random-lines content inside of the disk). To avoid any 1 4 0 contribution from the spatial choice, we first divided the trials for each subject into two trial 1 4 1 datasets based on the post-stimulus spatial choice, and performed the time-frequency analysis 1 4 2 (described below) within each dataset. We reasoned that this analysis would lead to shape 1 4 3 perception correlates not on a given fixed set of electrodes, but rather on different electrode 1 4 4 groups depending on the side of choice (i.e., electrodes "contralateral" or "ipsilateral" to the 1 4 5 spatial choice). Therefore, we arbitrarily chose to permute the electrode locations for the 1 4 6 dataset corresponding to a right-side choice: we replaced the left-hemisphere electrodes by 1 4 7 the symmetric ones from the right and vice versa (midline electrodes were unaffected). With this new electrode assignment, left-hemisphere electrodes would thus always correspond to 1 4 9 those ipsilateral to the spatial choice, and right-hemisphere electrodes to contralateral ones. For the time-frequency analysis, time-frequency transformations were first generated over all 1 5 1 channels using EEGLAB with a function akin to a wavelet transform, starting with 3 cycles at 1 5 2 2Hz and increasing to 5 cycles at 50 Hz in the multiple-cycle analysis, and with 1 cycle from 1 5 3 2Hz to 50 Hz in the one-cycle analysis. This yields a complex representation of the amplitude, 1 5 4 A, and the phase, φ , for trial j at time t and frequency f:
The phase of this representation can be extracted by normalizing the complex vector to the 1 5 6 unit length:
Inter-trial phase coherence (ITPC) measures the phase consistency across trials. We 1 5 8 calculated the ITPC using the method described previously (Lachaux et al., 1999) :
where N is the number of trials in one group of trials.
Here, we wanted to evaluate the relation between the pre-stimulus oscillatory phase and the 1 6 1 influence of shape perception on luminance judgment (our measure of the efficiency of 1 6 2 predictive coding). Would a particular pre-stimulus phase occur more frequently for trials other, the phases of the two subgroups will distribute uniformly across different phase angles. Thus, low ITPC values will be observed. Therefore, the ITPC values are reliable indicators of 1 7 5 phase opposition.). In that case, the product or the sum of the two subgroup inter-trial phase the product of the inter-trial phase coherence of different trial subgroups:
The measure of POP will be maximal when two subgroups show strong inter-trial phase value by simply counting the number of surrogate POP values that were more extreme than 1 9 0 the observed value. Here, we used 80,000,000 surrogates and thus assigned the P value of 1 9 1 1.25 × 10 -8 to the points without any more extreme POP values in the surrogates. The P 1 9 2 values were corrected for multiple comparisons over time points, frequencies and electrodes 1 9 3 using the FDR method (FDR α =0.05, corresponding to a P value threshold of 9.53×10 -6 ). To 1 9 4
show the overall POP in the time-frequency domain, we computed a z-score by combining 1 9 5
the observed POPs across all datasets, subjects, and electrodes and comparing the value with 1 9 6 the mean and SD of a null-hypothesis distribution with 10,000 surrogate POP values 1 9 7
(generated using the procedure described before, and also combined across all electrodes, 1 9 8 subjects, and datasets). Results 2 0 0
Human observers judged the luminance of two disks that were presented for 150ms on the subjects were instructed to report the side with the brighter disk. In the main experimental 2 0 7 trials, the luminance of the disks was adjusted, such that observers reported the 3D-shape disk 2 0 8
as brighter in half of the trials. 15% of trials were catch trials: extreme luminance values were 2 0 9
assigned to one disk to monitor the subject's ability to judge the luminance difference. values of the disks were adjusted to obtain a 50% selection probability of 3D-shape/random-2 2 0 lines disk. In addition, there were 15% catch trials intermixed with the main experimental 2 2 1 trials to monitor the subjects' ability to judge the luminance difference throughout the 2 2 2 experiment. In these catch trials, one disk was 20% brighter/darker than in the main 2 2 3 experimental trials. Behavioral Results. On average, subjects judged the 3D-shape disk as brighter in half of the judged the disk with higher luminance value as brighter or judged the disk with lower 2 3 0 luminance value as darker) was high (93.98% ± 1.83%, mean ± SEM), indicating that 2 3 1 subjects were adequately engaged in the luminance judgment task. Electrophysiological Results. We focused on the relationship between pre-stimulus coding. EEG was recorded during the experiment. We expected the relation between contrast, post-stimulus phase information is driven to a large extent by stimulus-locked 2 3 9
activity (e.g. evoked potentials) and is thus further removed from spontaneous activity. We feedback on each trial, we probed the perceived luminance of the disks under the stimuli. We have previously demonstrated that the net effect of predictive feedback on these stimuli is a values (generated using the same procedure described before, and also combined across all 2 7 8 subjects, datasets, and electrodes). This analysis revealed a significant phase-behavior 2 7 9
relation between the post-stimulus 3D-shape/random-lines choice and two pre-stimulus regions. In both cases, these effects are contralateral to the side that subjects chose as 2 8 8
"brighter" (i.e., the right side of the topographies, due to our electrode permutation 2 8 9 procedure). Electrodes with at least one significant time-frequency point (after FDR 2 9 0 correction) inside the corresponding time-frequency window are highlighted in green. (combined across all subjects, datasets and electrodes), each value compared with a null-2 9 8 hypothesis distribution of 10,000 surrogate POP values (also combined across all subjects, 2 9 9 datasets and electrodes) characterized by its mean and SD. Time 0 indicates stimulus onset. to -268 ms). The topography shows a contralateral frontal effect for the 5 Hz oscillation. To quantify the influence of pre-stimulus oscillations on post-stimulus choice, we binned 3 1 5 single trials according to the phase at the optimal time-frequency point (for the theta 3 1 6 oscillation: -397 ms, 5.4Hz; for the beta oscillation: -68 ms, 16.5 Hz). Single trials were thus 3 1 7 sorted in 13 phase bins based on the average phase of the significant electrodes for each vs. right-side choice), phase bins were rotated such that the phase at which 3D-shape disk 3 2 3 choice probability was largest was aligned to a phase angle of zero. As a result of this 3 2 4 alignment, the 3D-shape choice probability is necessarily maximal at a phase angle of zero;
3 2 5 therefore, the zero-phase bin was discarded from further analyses. For both frequencies, the 3 2 6
3D-shape disk choice probability monotonically decreased to a minimum at the opposite 3 2 7
phase angle, confirming that pre-stimulus phase affected post-stimulus judgment (Figure 3 ).
2 8
A one-way ANOVA showed that both pre-stimulus theta phase and pre-stimulus beta phase 3 2 9 significantly modulated the 3D-shape disk choice probability (for theta oscillation, F (11, 27) = 3 3 0 3.95, p = 2.23 × 10 -5 ; for beta oscillation F (11, 27) =6.17, p=3.86 × 10 -9 ). The magnitude of each 3 3 1 effect was determined as the difference between the maximum and minimum 3D-shape disk occipital beta oscillation accounted for a difference of ~19%. Because the time-frequency analysis relies on signal convolution with wavelet filters whose and 125 ms into the future); thus, significant phase effects observed at -67ms pre-stimulus 3 5 0 may be contaminated by post-stimulus activity. To rule out such contamination, we repeated ( Figure 4 ). Both theta-and beta-frequency phase effects were replicated in this analysis, and 3 5 5
were found to lie outside of the possible post-stimulus contamination zone. indicate that pre-stimulus phase differences are not caused by post-stimulus evoked activity.
6 7
We also ascertained that phase effects were not caused by any eye movement artifacts that 3 6 8 may have survived our artifact rejection procedure. For example, the observed pre-stimulus 3 6 9 phase differences could be thought to reflect different patterns of eye blink or saccades for 3 7 0 different perceptual outcomes. Therefore, we applied our POP time-frequency analysis to the against 80,000,000 surrogates) did not reveal any signs of systematic eye movements in stimulus phase effects in terms of ocular artifacts. the POP values for the VEOG. The P-values were calculated using a similar procedure as in phase effects were not due to ocular artifacts. Bastos, A.M., Usrey, W.M., Adams, R.A., Mangun, G.R., Fries, P., Friston, K.J., 2012.
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